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ABsTRAm

The integration of fuel :eneratiun by under-
grown< processing of CO*1 with tom. lal consump-
tion of the fuel at thp ■ine nice offers highly
●fficient utilization of ●n9rgy. ~rcial ver-
sions of Li/12 ●lectrochemical engines to be used
in orc way of Intagrmtion are postulated, de6cribec!
●nd ●valusted onttle basis of laboratory and theo-
retical studies. Theme ●ngineo are ●hewn to be
valuable for electric pcwer ganeraticm mnd storage
in cmmection with underground coal conversion (UCQ
in arid land SUC1, *6 Northwestern New Mexico. Such
●ngineb, conbined with UCC, could convert roughly
26: of the coal ●nerpy to electric power while rc-
coverinE abouL 22; of the ●nergy as pyroly~ib
llydrocsrbons. l%c engines 81-o prwide load level-
ing co that peak power g~nerators would be un-
necessary.

W).TEP.LES5ELECTF.IC PIWER CESERATIOX, power storagu,
coal gafiification, and hydrccarban nynthests arc
oflcrcd at mrid uitub. in this ●xmmplc of inte-
grated fuul-generation and powr-generation aystema.
L’CC (undcr~round coal converrnlon) lb operated along
witl) Li/IJ electrochc~ical enRinea (14)* which
hcvc been tcattd !n laboratory deviccfi at the kb
Alamos Sclcntiflc hboratory. Thie paper daacribas
the dcvicefi and analyzeb how comercisl modeln
would bc cxpectcd to perform in the joint functione
of generation ●nd loarl-levaling at ● UCC ●ite which
●lao gencrateb pyrolyuit productG ●nd moderately
low-Btu fuel Barnes.

THE tiEED FOR THIS SYSTRl
Uatcr - The Southueatem lhitad States haa

large coal dspoaitn which could replace the vanioh-
lnC oil and ga6 depOBitB and provide ●nergy for the
region from Texafi to -lifotnia. However, much of
the nhallow and atrippablc coal i- already tied up
for large energy projactn, ●nd deep mining by con-
ventional maen~ is not ●atiefactory for any of ●ev-
9ral reason~ involving aofety, ●conomicc, or anvi-
ronmenL. 10 reach the rim-unavailable coal, LASL
haa turned to UCC(undcrground coal conversion),

For the UCC IX]. haB sought waterlcns methodo
for convarnion of the coal to racovered uaseous or
liauid fueln. For the lone tann, such waterleEn
mthods ●re probablv tht, only oneb which will ba

politically ●cceptable for new projt:ts in the re-
gion~ew water u~ab for non-agricultural purpomcb
take land out of farmirg, and therr it a powmrful
political impact involved in the dimLribution of
water rightb.

The c-crci&l producto in the L4SL concept
of LTCC●re fuel gaset ●nd liquid chumical feedctoclw
from pyrolys.ia,plus fuel gamen of about 250 Btu/SCF
frcm the gasification of tha char which ramains
after the pyrolysis, Under present ●conomic con-
ditions, this latter fuel gas must be cons-d
emsmntially on oite bee-use it la too lW in Btu
content to warrant 107 listance nhipping.

But t,ere we meet leaat amodeat impasBe bc-
cauae the prefient coal-fired electric generation
station~ conoum~ much water. Although water for
power generation has been obtained in the psnt, it
will be much more difficult for new planta toobtair,
the water that would be noedcd for conventional
●lectric p-r generation.

Lithi~/iodine ●lectrochemical ●nginec, how-
●ver, would not requirr thifi ●dditional water b&-
caum they would operate ●n ●all unitti in large
groupm for which ●ir cooling would be nimplc.

Load-1eveling - The hourly variation of elec-
trlc power usage coupled with an ●bacnce ofadcquatc
devices for large-scale ●icrgy storage has led to
both ●nergy-waateful marketing of ●lectric power and
corollary political ●rguments ●bout the wacte.

Along with the ability of Li/12 ●lectrical en-
gines to generate power from heat, they also offer
largo scale ●nergy storage for periodu upto48hrs.

Reliability ●nd Dispersal - h ●lectric povcr
generaLora in the U.S. hava become larger, the ira-
pacta of ●quipment failuren snd othar interruptions
have bacome very gIeat.

Electrochemical encinou in generating ●tation6
would be oparated ●s ●&all, separate modulu~ which
could individually ba raplaced with only very minor
tipact on tha werall production of the plent.

Also, ●lectrochmmical cnginec une a new con-
cf,t in energy conwrclon in which the work product
●Fpaarm directly ●s ●lectrochemical work--no mechan-
ical action lo required ●xcept for periodic switch-
ing.** Am corollary, many problem ●ssociated with
mechanical wear ●t high tamperatureo can b, uvoided
if one turns to elactrochamical engines for power
Rencrationm

● Numb@r in paranthmsam danignate R@ferancea ●t
●nd of paper.
●* mxiliary mechar,ical ●ctiono ●uch ●s the oper-
●tion of cooling fanm mmy be used ●n ● convcniencc,
but they arc not naia-nmry.

Elliott ●nd Vanderborgh
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INTEGRATELI
It has

●fficiency
waste heat

Ucc k!i~ p&d’E~ ~~:~~~~IfJ!:

long been recognized tt,at the overall
of fuel (:aape can be increased if tk,c
of industrial fuc] coumumatlori car; bu

turned to lmw-grade uae~ such as hon~. and cormwrcial
apace heating. (Where rhc industrial procets re-
quiringheat i5 the process of g.eneracin~ electri(.
power, the integrated usapc 16 now 6ometime~. called
cogeneration.) A major factor in Sweden’s hi~lily
●fficient fuel uaagt lies WiLII the fact that waste
induatriai heat can be delivered ?O residL!nLial
areab for reuse.

In a relaccd argument GE-’fcmpo (5) emphasizes
that, from the standpoint of fuel usage efficlcnr:{,
one ahoult seek to avoid using high-grade heaL suctl
as gas fires for low-grade uses sucl~ ab home heat-
ing . Speaking more specifically, onr ideally should
match the heat needed to the heat source, carryin}:
out a acries of processes in which the temperature
of the heat drops and the waste heat of onc process
becomes the heat sourrc of the next process. Of
course, the tielivery of the heat from one area of
need to another can becomr a major economic and
●ngineering limitation on suclI fuel u~age.

In the power generation field, most power is
now generated in 6inp,le-cycle operations in which
the hea~ ib used essentially oncti, althougl, some
bent is recycled by prclwatin~; water which must be
heated anyway in the boilers. It is widely cmpha-
aizcd that prewmt steam turbine systems achicwc
less than 402-efficient heat uaagc, and more
efficient multiple-cycle operation are sought,
e.g., topping steam turbine operations by first
using the high-temperature heat of fuel combustion
to drive high-temperature ga$ turbines, then usin~,
the rejected gas turbine heat to operate steam
turbines.

It ha~ been pointed out (e.g., 6,7), but 1s not
widely recognized, that integrating power Rencration
witl! UCC can do much to increase thv ~Jverall ef-
ficiency of fuel usage. Here one itltially will

cllooac a high temperature generaLor and w1ll USL,
the rejected genera:or heat LO pc”.form underground
proces~es. Here the rejected belt rcplaccs coai
combustion which would have heel; necdud if rejcctcd
heat were not used. h n conscqucncc multiple
cycles, including th~ usc of stcnm-electric gener-
ators, will not bc, necessary at UCC sites.

Several high temperature generation achemcs
are on the horizon including hi~h tcmprrature gas
turbines, MIID, hip,h temperature fuel CC1lS, high
temperature electrochemical engines (B), and po-
taasium-vapor turbines. Some of these achemcs
when combined with the UCC to utilize rejected hea~
could lead to efficiencies WC1l over 50;,. Perhaps
moat promising arc the high-temperature fuel cell~
bunling UCCfuel gases of 100-250 Btu/SCF. However,
nom of these systems arc operable because of un-
solved problems such as hot gns clennup to remove
S02/S03, NOY, and particulntes,

BecauEe of the many problems with these new
schemes just ❑entioned, LAS]. has turned to exist-
ing technology (i.e., low-temperature technology)
for Ita present ~ntegrated UCC/electric power
generation concepL. Thic rfrcisirm lowers the po-
tential ●fficiency, but it gains in the likelihood
of process succe%s in the rirar future,

Before turning to the remification~ of this
decision, we will discus6 a lower-temperature

elrctroche=ical engine for K},ict, :t,c gas. ciea:,,:;,
will be accm;lisi,tc t;: cc:,.~tr,tional mca:,~ a:.: fc:
wt,ict, the materi~l$ problez: sili bti le.,., diffic~]L
thar, for tk ver;: },ig!.-ce~;,erature de:~cc:,.

THE CCJ!;CEP’iOF ELECTkrJCfiDfi(#& E!;<I!~!.’,
Elcctroct,e=ical engines are bet}, elt.c:ric;,o.~t.:

generator: and batteries--changin$ fro~ ger,era:io:,
tn 6torapc ib a sfnplc .switcllin~ cperatior.. k pc:-
erators Lney utilize a lizited conversion:. of hea: t:
work to aasist the charging Gf 6peci&] battCri:-$. 5:

that the char~lr,~ voltage car, bt smalltir tt,a:. thu
discharging volLagc.

‘t%e eMf gain just mentioned can be Cf~tCLL-d (a)
by conctructlng cells and CC1l stacks (bc+:tcrie:,~
whose dibcharge and rechar~e reactions inq.’ol,:e t;,ti
consumption and regencratinr. cf a condensiilc g~+,
and (b) by atLachin;, a condenser to eat!, ceil scJ:.i.
S0 that COnLrUl Of :hc condenser tem;,uraturc ca:, !,(.
uSCrl also to control Lt,L. Ea~ pressur~ an< ti,L.rC~,: L:,ti
er.f of the cell and batter:: react.nns.

(Themod::namic analyses of thcscclcct rocr,czica:
engine~ are given In the A~,prntix. )

For our prcsenr calcul~tions wc will consider
electrochemical engines In whlclI liL]lium, metal re-
acts with gaseou~ iodine. Two separate, sealed,
and evacuated stacks of 10:J clectrocl,c~icai cell+.
will be u~ed to mak.c up one elcctrochc~ical cn~i:lr.
Within either stack, if tht: condenser ttmperaLurc
and the CC1l stack teMpCraLurti are bet}, 625 L, tl,t
iodine, ga. prc.ssurc is high and the volta;c U: tt,a!
stack iS 272 V. When the condenser ten~,c,raturc i.,
298 K and the cell stack tempcraturt i,, 623 }:,

then the iodine p,a~ pressure is 10L’ iLIId LIIC o;I(I:,

circuit voltapc is 243 V. (?tutual l:, consisL,>lJ
thenretica] and ❑easured result: suI,porLi[l~, LtIL!hL

values are given in the Appendix. )
If the~t two CC1l stacks arc connuctcc! 1::

electrical opposition, positive to positive, with
onc stack at 272 1’ and LIId otllc.r iIL 243 L’, tl,cn
?9 V can bt. delivered from thL, ncg,atii,[, clt.ct rud~,:
to an external load. Upon drninin~ at low currc,:.t
(near thcrmodvnanic equllibriun), tl,t 272 V ceil
stack will drain, hut the 243 L’ CQ1l sLack w1l]
char~c simultaneously. The discharge at 272 V i!
6tarted with thuL cull 6Lack fully charged a:IL!
with the 243 V cell stack fully dischar~~.d. h’tlL,:
the 272 V stark has discharged, ~d Lhc 243 L’
stack has simultaneously been fully chargL,d, thcr
the condenser roles are reversed--the hotcondcns(r
(?72 V sidr) is cooled, and th~ cool condcnsur
(21i3 V side) is heated. NOIJ current will a~ain
flow but with a different direction wlIiclI can bc
oriented for the external load by external switch-
ing.

In this process there is no net con6umpLiw of
the elc:trochcmical reactants in the cells, buthc,~t
must be supplied-- some of this heat at 625 K 1s
converted to electrical power, and other heat is
degraded from 625 K to 291J K,

A POSTL’IATEDCOMXERCIALIi/I, ELECTRO~PllC,lL EStiIS1’
Consistent with the Lhehodynmic and kinLtic

information presented in tile Appendix, we havt, dc-
~igned (but not produced) an ●lectrochemical engine
which would pcrfotm in a coaunercially comptiLivu
manner.

The Call DeaiRn - FIR. 1 is a promising CC1l
design auitablc for •a6~
ent types ~f nolid pnrts

~roduction. Five diffcr-
are shown, Elcctrolytt’

Elliott and Vanderborglj
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FiI”. 1 - Postulatcc! c~crcial dcsi~n of :1/12
cluc:rochcr,if:al cm~ine cells.

The part~ of this cell ●re analogous to those
discuskcd in thv Appendix, but the design has been
modified tv optlnize thu ~crformance, (A) The
cellfi havu been widened and thinned togiv*200U cn~
workinr arua and tc allow man:: cells tc be put into
each cell-stack, (B) TIIC tung~tcn connector arc
rim rods. Thq extend 0.5 cm belrnrthebo:tcm of the
Pyrex CIIF in wi,ici, they arc sealed, thereby both
providlnp an electrical connection tu the cell be-
10U and actln~ as apacel~ to open a path for vapor
transpcrt. (r) A central IIOIC has becrr introduced
in the CCIIF ec thiit the condcnecr can be very closc
to the vapor path from ttm CC1lS yet radiative
lossc~ to LhLI condenser frmr the rcll ●dges will be
small comparer! t@ the Lotal process heat tranaferrcd.

The Cell-SLuck. Unit - Onc hundred cells (Fig.2)
arc tttackcd in a double cylindrical container ❑ada
from protected eteel. me cellm touch the outer
cylinder, but the inside cylinder (25 cm OD) Is
emaller than the ilolns in the cells (30 cm ID).
This construction ●llows heat to be ●upplied tothe
outeide region while the inaidc region ●emcs an a
condeneer, nnd the ●pace between the cell~ ●nd th:
condenacr pre~ents unrestricted vapor pathn. An
open region below the cells ●erve~ as the 12 reeer-
voir.

When the construction of the cell-qtack unit is
●eaentially complete, the unit i- dipp~d into abatF
of molten electrolyte, then drained, thereby fill-
ing the cells with electrolyte. Nutc that thi6
mathod of construction ●ndloadintallcrus the CC1lS
and cell-etackfi to be maes produced, and handling
of the hygroacoplc ●lectrolyte Ie ❑inimlzud.

CELL STA

ESERVOIR

CONDENSER

,CK

FiF. 2 - Om cell-tiLack unil of an Li/Iq
CICCLrOCl,C*iC~l L’nF,inu showlnF Chu CCll=bt~Ck,

cond~,nr.cr, and I re~c: vnirm c!:! f)(l cm, IL
25 CR. 2

Finally the cell-stack units arc ●vacuatu!and
●ealed. ChIcc sealud, a ctill-stack unltie no: opened
again.

fic Li/1 Electrochemical Engine Design - An
3●lectrochcmica engine unit is 6houn in Fig. 3. No

or more such units are operated in electroctmmictil
opposition as is discussed for the laboratory engint
❑odel in the Appendix.

tWAT~
RELav @ERATEDD~

HST

IN6ULATIMCOVER

4 CELL-9TACK UNIT

Fig, 3 - Li/Iq ●lectrochemical ●ngine unit.
(lko or more fiuch units mekc up an eloctru-
chcmicul englnc.)

Elliott and Vandcrborgh

plqy 3



For optracinp wiLh UCC the heat VS1l be sup-
pliad ●ither ah sensihlc best or througti combustion.
Cooling will be by ~bienc elr--if water 16 ●vail-
mble ● small anount of cooling of the air by wncer
wick miEht be used in hot weather.

Anticipated Engine Performtn:e - tinsistmcvith
thermodynamic calculation, with ●xperimental per-
fommce (see Appsndlx) for charge and discharge,
mnd with estirmted effeccsof concentration chan~es
ac the ●gines ●re cycled, we anticipate that
angineewill operate asis indkatmlin~able 1.

Table 1 - Performance ●stimates for propobed
Li/12 electrochemical ●ngineti.

One Estgine - Two (211-Stack Units

tills 2 x 100 200
Call ●ea ●sch cell 2000 C#
Specific rcaistmce 0.0 ohm cm2

Caneretion Mode - Two Cell-Stack Units

Rnf 29 VOC
Current 50 ampa
Calculated ●fficlency* 37 %
Pwar 1.1 KU

Storage Node - One of the We Cell-Stack Units

hf 272 Voc
Current 40 amps
Mlculatad ●fficiency* >95 z
Power 11 Ku
tipacity bO KWH

●Includes internal resistance md eatimatcd
concmtration polarization.

Li/12 l!LECTROCHRtICAL~GINES INTEGRATEDWITIIUCC
BY THE LAS]. COXCEPT

The Li/12 electrochemical engines operate at
6z5 K and thereby avoid mony of the high t~er~”ru
problems of the proposed new generators mentioned
●arlier--devclopmmt and demonstration of SUCII
mginas should proceed rapidly. h noted earlier
and in the Appendix, these Li/12 electrochemical
●ngines have ❑ajor advantage for the arid kkst
and elaewhcrc.

A. They do not require water.
B. They store as well a~ generate power, thus

the generators can be gwitchud as ncedud
to load leveling.

c. They are highly efficient.
D. They are built in small modules. As such

they can be replaced easily by ●lectrician
in cnse of malfunction.

E. fiey offer high reliability because of the
large ntmhcr of units needed in any large
operation.

Neat Available for Generation - Consider that
we will start with a char from pyrolyeie of a
Fruitland coal. Pyrolysis ●t 725 K will have re-
covered ●bout 22% of the coal’s heating value both
at fuel gas ●t ●bout 500 Btu/SCF and ●a valuable
liquid hydrocarbons.

The remaining 7HZ of the heating value is in
char which will be gasified to low Btu fuel. Mr
combustionof this low-Btu gas will produce hot Ras
which can deliver abcmt B72 of its hsat content
at 625 K. This heat ie 6E% ofdw total heating
value of the coal.

C.onalscent with discussion i:, the Appmdix th~
●ner~; conversloc of tht electroctie=ical er.gim is
gi’Jcn by (the Carnot efficiency: x (t% re:ic cf
real t~ idcel cell volta~c during drair.j x (the
fractlr,n of the coal’k heating valu~ w!;icL is !o.::.?
in the char) x (thti fraction of the heat of ci.ar
combustion which is available at 625 ~) or

and about 2$% of th~ coal’s ●ner~: appears as elec-
trical energy.

The unused hea: which an ●lectroche=.ical engint-
cannot accept because it is under 625 K can bc put
underground for preliminary dryin~. !Ieat exchm~ers
will not bu need~d for such drying--just mcr~inp tk,c
hot gas through the moist coal will be suffiricn:.
He:e (o/7bJ(~.13) or about 107 of thu original heat
of combustion of the coal could bt delivered undtir-
ground.

For Fruitlsnd coal only abouL a third of tf,at
lo% waste ●nergy could be used for drying coal, buL
in wetter areas most of the 107. could be used.

Thus the Frultland coals of arid Northwestern
Ncu Flexico, recovered by UCC and utilized by Li/12
elsctrochcmical engineb, could deliver ttw follow-
ing percenta~ee of the initial energj of con;.ieLu
cmhustion:

Electric power output 26:
Hydrocarbon recovery 222
Preheating 3:.
Waste heat 49:.

%orc, elaborate heat usaRe achcmc~ could de
even better than 512 utilization, but chc esti:.titcs
In the calculation do not warrant further reflnu-
msnt.

Fig. 4 ah-s how a rmnity’a busincbs ant
home usage could be filled by kecpin~ electrochur,-
Ical engines working at all times but gradually
awitchinp the ●gines into and out of stora~,c . TIIIs
load levclinR ie important hecausc peak pw~r
normally coets roughly three times ab much LLIpro-
duce as does baseload. Here there is no neud to?
peak load gcncratora.

Zo I I 1 I I 1 1 I

! a

o~’” ““’A ““i” # I
12 s ● 9 It 8 6 9 12

AM PM
Fig. 4 - Load-lsvelingby ●lectrochemical anplne.
(Maxirnun generation of 10 !I1’ decreases ab
engines move from @aneration to stora$~.

Elliott ●nd Vandcrborgh
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}:ak periods. Peai generation now is ‘-2L’leiiiclenc

Ir. the better systens. ~Li
(1) + I:(g) = 2Li:(,) (1)

Squire! (l:) has calculated a combined cycle

(big!:-temperature gas turbines plus steaiz turbines)
efficiency of 51;. for conversion of delivered coal
to electric pow... U~SLiILghOUSL’~.s attempting tO
develop suet. turbines plus the high tenpcraturc
fuel-gas cleanup procedures to be used with therz.
TheSe ssscecs will not soon bc modified for dsc
with UCC systems.

The presen: Li/~ electrcche~ical engines
migh: usefull:~ be com~ined wit!. the very higl]-
te~?erature syster mentioned earlier (tht gas
turhineF ~bove, ~~~, the sodium heat engine,
potassiur. vapc,r turbine, etc.), but these develop-
ments are not far enrw~!, along to warrant combined-
cyc:c calculation yet.

SL?lY.A~I’
The L!CC-Li/12 electrochemical enRine combin-

ation, offer~ very interesting possibilities for
electricity generation ant! hydrocarbon recovrry
fror Southwestern coals.
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If the reaction takes place in an electroche~icai
Ctll, tlw Gibbs free energ:. LG. of the process can
be extracled as useful electrochemical work. At a
temperarurc w},ere 1, is the cmly volatile coaponent
this free energy an~ volcage will be given h:.’

Lc - -nF[ - LCO - RT In (f If; )
12 2

- LW’ - RT in PI (2)
2

where the gas fugaclty, f, is assumed equal to its
pressure, P, and where the refercncc fugacities arti
for 1 atm of iodine and for the condensud phases of
the other reactants and products.

Figure 5 shows a schematic drawing of a cell
design which has been used in our laboratory studies.
h t!le figure a pyrex cup wiLh tungsten els-ctrical

conncctcr is shown holdinF three layers >f marcrials.
The tn~ layer is a porous grapl,ite disk on which the
iodine reacts elcctrochenically. The middle layer is
shown as a zirconia felt pad, buL other materials can
also b~ :sed. This middle layer supports the graphite
disk above it, thus providing Insulation agahSL
electronic short-circuits between the graphite and
the nlckcl felt below. The zirconia felt pad is
porous. The lower layer in the Pyrex cup is porous
nickel felt which holds the lithium cell reactant.
A molten electrolyte containing LiI (plus other salts
to lower its melting point) wuts into void spaces in
all. three layers, completely filling the voids in the
lower two layers and partially filling the porous
graphite by capillary wetting.

1-.’..,
\

TuNG5TN C3NNECTOR

Fig. 5 - Laboratory model of Li/lq electro-
chemical engine cell.

.

Electric power can be nupplied by the tell from
connections to the lith~um-nickel felt-tungsten
negative electrode and to the iodine-porous graphitu
positive electrode. The open circuit (no-drain)
voltage of such a cell is calculable from tilcrmo-

dynamic data as in Eq. 2. Values for ,’Co at ele-
vated temperature are available from the JAXAF
Tables (9).

EJli~tt and Vandcrborgh



For ● pressure of 1 ●tu of 1, and a cell temper- cells in each battery. Fie. 6 snows thjc USJQC ir,

ature of 625 }

‘46’122 [(1 atm) = ‘121’80b - 4“575(625)10g ]

laboratory electroch~nical-ezgines..

CAJHM&E

. . ---.,

For 20 atm which is the vapor preesure of 12 at 625K

‘(2O atm)
- 2.72 volts (4)

EVACUATED
BATTERtEs

KIN PAIRS _
and for 0.000405 atm which 16 the vapor prefsure of
12 at room tmmperaturc

‘(0.000405 atm)= 2“43 ‘O1ts (5)

As corollary if two cells are aet in electrical
opposition, positive-to-positive and negative-to-
external load-to-negative, end if both cells are at
the same temperature and preesure, e.g., as with
Eq. 4 above, then no current will flti”and no ex-

balance, In fhiG caae 2.72-2.43 ■ 0.29 volts ●pplies
acrosa the external load, and thifi voltage is a>ail-
●ble through a large external load to do work, nFF=

(46122)(0.29) calories per mole of ioriine reacted in
●ach cell. TIIis work appears at the expense of heat
supplied to the system at 625 Y..

The Carnot limit of the process appeara bacause
the heat of vaporization of iodine must be supplied
at 625 K, and the heat of ccmdenaation is discharged
at 298 K. In teme of temperature the maximum
efficiency is

effmx = (625-298)/625 ■ 0.52 (6)

Perfomnance Under Orain - Although the 0.29 volts
above la available for infinitely S1OK drain (one cell
discharges while the other cell charges), the voltage
for finite electrical drain will alvaya be reduced
from this value.

One can speak of the current, I; the ●xternal
resistance, R

ext
; and the intelnal resiatence of a

draining cell, Rint. Then

“!!sCELL

nSTACK= I

ternal work can be done. However, if the pressl~re
In one cell is then changed, e.g., to that in E+. 5 ANODE
above, then the two different voltages will not

‘ LEAIW- 4=

I T,

= I(R + R
ext in~) (7)

For two cells in electrical opposition with the
12 pressure differences above, and aaauming the
internal resistance doea not differ for discharging
●nd for charging

0.29 - I(Rext + 2Rint) (B)

In practice we do find very small and conetant
internal reaintances for 1.i/12 electrochemical cells
of the type used in electrochemical enginas. Speci-
fically, we have meaaured valuea ●s low as 0.8 ohm-
-2 from 0.25 ●mpo/cm2 discharge to 0.80 ampalcm2
charge. Such rewrkable behavior could only be
found ifi ❑olten salt systems.

These ~ella can be stacked into batteriea, and
● comon reservoir can jointly ba used for ●ll the

WLY DURING~
CHARGING PHASE

-r

T,

F
,,,

,....

:,:,:,;

.. ,,.
,,,.:.
:;.::
:.::,

‘&

Fig.6 - Laboratory model of Li/!2 electrochemical
engine.

Theee electrochemical enFincs do operate con-
sistent with thennodvnamic prediction, but this
laboratory design does not permit a practical ralc
of tranefer of iodine vapor--for the commercial
devices a more open region by the positivt cl?c-
trodea and more direcL access to the condcnscr is

neceaaary.

In the pwer-generation made the generation
cycle atarta with one cell-stack unit fully charged
and at unifom temperature (e.g., T1 ■ 625 K- con-
denser T = 298 K on the right).

z
In this half ryrlc

the curr nt flows through bot!~ cull-stack units and
through an cxtemal load across the anode leads,
thereby (a) discharging the left cell-stack unit,
(b) char~ing the right cell-stuck unit, and (c) do-
ing external work. Uhen the left cell-stack unit
ia discharged and the right cell-stack unit IH
charged, then the temperature roles are raversed and
the direction of the current la alao reversed (requir-
ing an ●xternal switching). At the ●nd of this
second half cycle the enBine hna returned to it6
original condition, and work haa been performed at
the ●xpense of degradation of heat.

I
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For storage the cell-stack units are discon-
nected at the ca~hode leads (Fig. 6) and T] = T.
is maintained throughout. Then eact, cell-stack’
unit acts as an independent storage battery. suck
batteries have excellent efficiencies and large
capacities.

Flore commercially reali6cic units aredcscribed
in the body of this paper.
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